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FIBER TAP MONITOR BASED ON 
EVANESCENT COUPLING 

Cross Reference to Related Applications 

This application claims the benefits of U.S. Provisional Application Nos. 60/300,147 
filed on June 20. 2001 , 60/303,554 filed on July 5, 2001 . and 60/364,773 filed on 
March 14, 2002, the disclosures of which are incorporated herein by reference. 

Background of Invention 

This application relates to optical fibers and fiber devices, and more particularly, 
to optical monitoring guided light in fibers. 

Optical fibers can be used to transmit or process light in a variety of applications, 
including delivering light to or receiving light from integrated optical components or 
devices formed on substrates, transmitting information channels in wavelength- 
division multiplexed optical communication devices and systems, forming fiber optic 
switch matrix devices or fiber array to array connector, and producing optical gain for 
optical amplification or laser oscillation. Optical fibers essentially operate as "light 
pipes" to confine light within the fiber boundary and transfer light from one point to 
another. 

A typical fiber may be simplified as a fiber core and a cladding layer surrounding 
the fiber core. The refractive index of the fiber core is higher than that of the fiber 
cladding to confine the light. Light rays that are coupled into the fiber core within a 
maximum angle with respect to the axis of the fiber core are totally reflected at the 
interface of the fiber core and the cladding. This total internal reflection provides a 
mechanism to spatially confine the optical energy of the light rays in one or more 
selected fiber modes to guide the optical energy along the fiber core. Similarly, optical 
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waveguides on substrates may also operate as light pipes to confine and transfer port 
light and may be used in integrated optical devices where optical elements, opto- 
electronic elements, or MEMS elements are integrated on one or more substrates. 

[0004] The guided optical energy in the fiber or waveguide, however, is not completely 

confined within the core of the fiber or waveguide. In a fiber, for example, a portion of 
the optical energy can "leak" through the interface between the fiber core and the 
cladding via an evanescent field that essentially decays exponentially with the distance 
from the core-cladding interface. The distance for a decay in the electric field of the 
guided light is less than or on the order of one wavelength of the guided optical 
energy. This evanescent leakage may be used to couple optical energy into or out of 
the fiber core, or alternatively, to perturb the guided optical energy in the fiber core. 

Summary of Invention 

[0005] This application includes fiber tap monitors that detect or monitor guided light in 
a fiber or a planar waveguide by using an optical detector to receive a small amount of 
evanescent light obtained from a side-polished coupling port of the fiber or 
waveguide. The fiber or the planar waveguide is engaged to or formed on a substrate 
of a suitable material such as a semiconductor or glass. 



p Brief Description of Drawings 

F5 = 

O [0006] FIG. 1 shows one embodiment of a fiber device that integrates or engages a fiber 
to a substrate with a groove for positioning the fiber and openings for holding the 

ly 

fiber. 

[0007] FIGS. 2A and 2B show a cross sectional view of the device in FIG. 1 along the 
direction AA" and a side view of the device in FIG. 1 along the direction BB", 
respectively. 

[0008] FIGS. 2C and 2D show examples of two different cross sections for grooves shown 
in FIG. 1 . 

[0009] FIG. 2E shows one example of a V groove with varying depth and width. 
[0010] 

FIG. 3A shows a design to engage a fiber on to a substrate by using an elongated 
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groove with a single through hole, where a portion of the fiber cladding is removed 
and polished to form a side-polished evanescent coupling port. 

[0011] FIG. 3B shows another way of engaging a fiber onto a substrate without using 

through holes shown in FIG. 1 , where a portion of the fiber cladding is removed and 
polished to form a side-polished evanescent coupling port. 

[001 2] FIGS. 4 and 5 show two embodiments of fiber tap monitors formed over side- 
polished fiber coupling ports of fibers. 

[001 3] FIGS. 6 and 7 show exemplary fiber variable optical attenuators in combination 
with fiber tap monitors. 

[0014] FIG. 8 shows fiber tap monitors fabricated in arrays over a substrate that has 
elongated grooves for holding fibers. 



[001 5] FIGS. 9A and 9B show two views of one embodiment of such a fiber variable 
5l optical attenuator in a fiber that is engaged to an elongated groove of a substrate. 



[001 6] FIG. 1 0 shows an array of VOAs formed on a single substrate to share a common 
^ heating element on the opposite substrate surface. 



[001 7] FIGS. 1 1 and 1 2 shows one embodiment of a tap monitor by using an angled 

Hi overlay with a detector over an evanescent coupling port of a fiber or planar 

P 

p waveguide. 

m 

[001 8] FIG. 1 3 shows an array of tap monitors based on the design in FIGS. 1 1 and 1 2. 

[001 9] FIG. 1 4A shows polarizations in the device in FIGS. 1 1 and 1 2. 

[0020] FIG. 1 48 shows another embodiment of a tap monitor based on the designs in 

FIGS. 1 1 and 1 2 and illustrates the rotation adjustment in attaching the detector to the 
angled facet of the overlay. 

[0021] FIGS. 14C and 14D show effects of the polarization-dependent reflections in tap 
monitors shown in FIGS. 11, 12, and 148. 

Detailed Description 



APPJD=10064201 



Page 3 of 30 



u 



[0022] The fiber tap monitors under various embodiments of this application are in part 
based on the recognition that the power of the evanescent light of the guided light in 
the fiber or waveguide may be used to represent the power of the guided light. A 
small amount of the evanescent light may be accessed from a side-polished fiber or 
waveguide and then may be coupled into an optical detector. When the percentage of 
the received evanescent light out of the total guide light in the fiber is known, the 
power of the detected evanescent light can be used to measure the absolute power 
within the fiber. In particular, the location at which the evanescent coupling may be 
selected so that only a desired small percentage of the guided light, e.g., a few 
percent or less (i.e., a fraction of one percent) is coupled into the optical detector. 
Under such coupling conditions, the impact due to operation of the tap monitor on 
the guided light in the fiber is small. In addition, such a tap monitor essentially does 
not change the original polarization state of the guided light when the fiber is the 
polarization-maintaining type. 



01 [0023] The fiber tap monitors may be integrated on a substrate. One or more fibers may 
21 be integrated on or engaged to the substrate fabricated with one or more grooves. 

Q One portion of the cladding of each fiber is removed and polished to form a fiber 

coupling port as a part of the tap monitor. In general, the polished surface on the 
y fiber cladding is sufficiently close to the fiber core so that optical energy can be 

01 

ry coupled via evanescent fields out of the fiber core for optical monitoring. Two or more 

such fiber coupling ports may be formed at different positions in each fiber when 

flj needed. The following sections first describe the basic structures for integrating fibers 

onto substrates for forming side-polished fiber coupling ports based on evanescent 
coupling. Embodiments of fiber tap monitors based on such structures are then 
described in detail. 

[0024] FIG. 1 shows one embodiment of a fiber device 1 00 where a fiber 1 40 is 

integrated or engaged to a substrate 1 1 0. The fiber device 1 00 may be used as a 
building block to construct a variety of fiber devices, including but not limited to, fiber 
optical monitors, fiber couplers, fiber attenuators, fiber modulators, fiber beam 
splitters, optical fiber switches, and fiber frequency-division multiplexers. FIGS. 2A 
and 2B show additional details of the fiber device 100. 
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[0025] The substrate 110 may be formed of various materials, such as semiconductors, 
insulators including dielectric materials (e.g., a glass, a quartz, a crystal, etc), metallic 
materials, or any other solid-state materials that can be processed to form the device 
features such as grooves and through holes disclosed herein. Two parallel and 
opposing substrate surfaces, 1 12 and 1 14, are generally flat and may be polished. An 
elongated groove 1 20 is formed in the substrate 1 1 0 on the surface 1 1 2 and is 
essentially a recess from the surface 1 1 2. The groove 1 20 may be fabricated by 
removing a portion of the material from the substrate 1 10 through etching or other 
processes. 

[0026] The geometry of the groove 1 20 is generally elongated along a straight line as 

illustrated or along a curved line. Unless otherwise indicated, the following description 
will use straight-line grooves as examples. Some embodiments are described with 
specific reference to groove with V-shaped cross sections as shown by the groove 220 
5? in FIG. 2D. The cross sections are generally not so limited and may also be other 

Ol shapes as well, including rectangular as shown in FIG. 2A, U-shaped as shown by the 

31 groove 21 0 in FIG. 2C, a circularly shape or other suitable shapes. Unless specifically 

Q. indicated otherwise, the techniques, structures, and applications disclosed in this 

s application are generally applicable to grooves of different shapes. 

[0027] ji^g width, W, of the groove 1 20 is generally greater than the diameter, d, of the 

O fiber 140 and may either remain a constant or vary spatially along the groove 1 20, 

p 

pij e.g., increasing from the center towards the two ends as illustrated in the V groove 

220 in FIG. 2E. The length, L, of the groove 1 20 may vary from one grove to another 
and can be determined based on specific requirements of applications. The depth D of 
the groove 1 20 may be a constant or may vary along the groove 1 20, e.g., increasing 
from the center towards the two ends as shown in FIG. 2E. In general, at least a 
portion of the groove 120 has a depth D to expose a portion of the fiber cladding of 
the fiber 140 above the surface 112 while still keeping the fiber core below the 
surface 1 1 2. Sometimes, the depth D of the groove 1 20 may also be selected to 
expose the fiber core. Other portions of the groove 120 may have a different depth so 
that the fiber can be placed within the groove 1 20 under the substrate surface 1 1 2. 
Depending on the geometry of the groove 1 20 (e.g., the apex angle of a V-shaped 
groove), the depth D of the entire groove 1 20 may be greater than fiber diameter d. 
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For a groove with a rectangular cross section as shown in FIG. 2A, at least a portion of 

the groove 1 20 has a depth D less than the fiber diameter d but greater than the sum 

of the fiber radius r = d/2 and radius of the fiber core r =d /2. This portion of the 

c c 

groove 1 20 exposes partial fiber cladding of the fiber 1 40 above the surface 1 1 2 
while still keeping the fiber core below the surface 1 1 2. Other portions of the groove 
1 20 may have a depth that is at least the fiber diameter d so that the fiber can be 
essentially placed in the groove 1 20 below the surface 1 1 2. However, in certain 
applications, the depth D of the entire groove 120 may be greater than fiber diameter 
d to avoid evanescent coupling of a guided mode. Unless otherwise indicated, the 
following description will assume that at least a portion of a groove 1 20 to expose a 
portion of the fiber cladding above the surface 1 1 2 and adjacent portions sufficiently 
deep to keep the fiber below the surface 1 1 2. In case of the rectangular groove 1 20, 
the central portion of the groove 1 20 may have a depth D less than d but greater than 
(d+dc)/2 while the portions on either sides of the central portion may have a depth 
equal to or greater than the fiber diameter d. 

Notably, the fiber device 100 includes two openings 131 and 132 that are 
respectively formed at the two ends of the groove 1 20 and penetrate through the 
substrate 1 10. Hence, the openings 131 and 132 are through holes extending 
between the two surfaces 1 1 2 and provide access from one surface (11 2 or 1 1 4) to 
another. The spacing between the openings 131 and 1 32 essentially determines the 
length L of the groove 120. The aperture of the openings 131 and 132 should be 
sufficiently large to receive the fiber 1 40, e.g., with a diameter greater than the 
diameter of the fiber 1 40. The shape of the holes 1 3 1 and 1 32 may generally be in 
any suitable geometry. 

A portion of the fiber 1 40 is placed in the groove 1 20 near the surface 1 1 2. The 
remaining portions 141, 142 of the fiber 140 on both sides of the portion in the 
groove 1 20 are respectively fed through the first and second openings 131, 1 32 to 
the other side 1 1 4 of the substrate 1 1 0. After being placed in the substrate 1 1 0 as 
shown in FIG. 1, the fiber 140 may be slightly pulled by moving the fiber portions 141 
and 1 42 in opposite direaions so that the portion of the fiber 1 40 in the groove 1 20 
is in substantially full contact with the groove 120. 
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[0030] Since a portion of the groove 1 20 lias a depth D less than the fiber diameter d, the 
cladding of the fiber 140 in this portion protrudes out of the surface 1 1 2. The fiber 
core in this portion of the fiber is generally kept under the surface 1 1 2. For example, 
the cladding of a central portion of the fiber 140 between the holes 131 and 1 32 may 
be exposed. This protruded or exposed cladding is then removed and polished to 
form a flat surface 1 44 of a length L ^ that is above the fiber core 1 43 and is 
substantially coplanar with the surface 1 1 2 of the substrate 1 1 0 as illustrated in 
Figure 2B. When the spacing, h, between the flat surface 144 and the fiber core 143 is 
sufficiently small (e.g., on the order of or less than one wavelength of optical energy), 
the flat surface 1 44 can be used to couple optical energy into or out of the fiber core 
144 through the evanescent fields outside the fiber core. Hence, the length, L ^ , of 
the flat surface 144 approximately represents the optical coupling length for the fiber 
device 100. This coupling surface 144 may also be non-flat, e.g., curved to a certain 
extent, as long as it can transmit evanescent signals. 



01 [0031] Alternatively, only one through hole 1 32 in the substrate 110 may be needed to 

T, engage the fiber 1 40 to form the fiber module for coupling with a waveguide module. 

O As shown in the design 301 in FIG. 3A, the groove 1 20 may extend to one end side 

31 0 of the substrate 1 1 0 so that one end 1 41 of the fiber 1 40 leaves the groove 1 20 

£^ without going through a through hole. In addition, FIG. 3B shows a conventional 

fy design 302 in which the groove 120 may extend to two opposing end sides 310 and 

if 330 of the substrate 11 0 so that the fiber 1 40 is engaged to the groove 1 20 without 

nj relying on any through holes. 

[0032] Notably, the through holes in the substrate 1 1 0 shown in FIGS. 1 and 3A, may be 
used to engage a single fiber on both sides of a substrate to form two or more side- 
polished coupling ports for evanescent coupling. For example, two grooves may be 
formed on opposite sides of the substrate 1 1 0 to share a common through hole at 
ends. A fiber may be threaded through the substrate 1 1 0 to have one fiber portion in 
the groove on one side and another fiber portion in the groove on the opposite side of 
the substrate 110. Hence, fiber coupling ports may be formed in the same fiber on 
both sides of the substrate 110. This structure may be use to construct a variety of 
fiber devices, including stacking two substrates to provide optical coupling from a 
fiber in one substrate to another fiber in another substrate. The fabrication of this 
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double-sided fiber structure may be implemented by polishing the substrate and the 
fiber on both sides as describedThe following sections describe embodiments of fiber 
tap monitors based on the above fiber devices with one or more side-polished fibers. 

[0033] FIG. 4 shows one embodiment of a fiber tap monitor 400. A fiber 1 40 with a core 
140Aand a cladding 1406 has one portion whose cladding is partially removed to 
form a surface 144. The surface 144 is within the extent of the evanescent field of the 
guided light in the fiber core 140A. The surface 144 is polished to operate as the fiber 
coupling port. An optical detector 410, such as a photodiode, is then positioned to 
receive and detect the evanescent light at the surface 1 44. The amount of evanescent 
light at the surface 144 may be set at a desired percentage of the total guide ling in 
the fiber 1 40 by controlling the distance between the fiber core 1 40A and the surface 
144 during the fabrication phase. The evanescent light delays in magnitude 
exponentially with the distance. Hence, the closer the surface 1 44 to the fiber core 
144A, the higher the percentage of the evanescent light being coupled to the optical 
detector 410. 



u 

m 



lU [0034] In the device 400, the substrate 1 1 0 is shown to operate as a fiber support that 

□ 

U: holds the fiber 1 40. The substrate 1 1 0 has two opposing surfaces 1 1 2 and 11 4. A 

depth-varying groove 1 20 may be formed on the surface 1 1 2 of the substrate 110. 
y1 When the fiber 1 40 is placed in the groove 1 20, the cladding of the fiber portion 

where the surface 1 44 is formed protrudes above the surface 1 1 2. The protruded 
cladding is then removed to form the surface 144 which is approximately coplanar 
with the surface 1 1 2. Other portions of the fiber 140 in the groove 1 20 stay under the 
surface 11 2. As described above, different ways may be used to engage the fiber 1 40 
to the substrate 1 10 to form the fiber coupling port 144 for evanescent coupling. 

[0035] FIG. 5 shows another embodiment 500 of a fiber tap monitor. Instead of directly 
placing the optical detector 410 on the surface 144, the tap monitor 500 implements 
a high-index transparent overlay layer 420 over the surface 144. The overlay 420 may 
have an index higher than that of the fiber cladding 1 40B to assist extraction of the 
evanescent light out of the guide mode of the fiber 140. The optical detector 41 0 is 
then placed on the overlay 420 to receive and detect the light. 

[0036] fiber 1 40 generally may be any fiber, including single-mode fibers and multi- 
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mode fibers. In particular, the fiber 140 may be a polarization maintaining (PM) fiber 
to preserve the polarization state of light to be transmitted. When the tap monitor 400 
or 500 is based on such a PM fiber 1 40, the tap monitor itself is also polarization 
maintaining so that the guided light can maintain its own polarization even when the 
tap monitor extracts a small fraction of light for detection, 

[0037] FIGS. 6 and 7 show fiber variable optical attenuators (VOAs) 600 and 700 based on 
the tap monitor 500. In FIG. 6, the fiber 140 is configured to have two fiber coupling 
ports 144 and 144A. An adjustable optical element 610 is formed at the port 144 to 
extract light out of the fiber 1 40 via evanescent coupling to control the power of the 
remaining guided light in the fiber 140. The optical element 610 controls the amount 
of extraction in response to a control signal 622 from a VOA controller 620. An 
adjustable optical grating based on electro-optic material or thermo-optic material, 
y_ for example, may be used as the optical element 61 0 to interact with the evanescent 

S field so as to control the amount light coupled out of the fiber 140. The other fiber 

5 coupling port 1 44A Is used to form a fiber tap monitor as described above to monitor 

t the power level of the guided light in the fiber 140. The optical detector 410 produces 

D a detector signal 41 2 indicating the power level of the guided light. The VOA 

controller 620 controls the amount of attenuation (extraction) according to the signal 
O 41 2 to set the guided light at a desired power level. This forms a dynamic loop that 

Hj maintains the power level of the guided light. 

O [0038] In FIG. 7, the fiber 1 40 has three fiber coupling ports 1 44A, 1 44, and 1 44B to 
support the first tap monitor, the VOA 610, and a second tap monitor, respectively. 
The detector signals 41 2A and 41 2B from the two tap monitors allow the VOA 
controller 620 to determine the power of received signal and the power of output 
signal after passing through the VOA 610. Hence, an attenuation ratio can be 
maintained at desired level even when the received power fluctuates. The attenuation 
ratio can certainly be adjusted to any desirable level. 



[0039] 



Notably, the coupling port 144A for a fiber tap monitor and the coupling port 144 
for the VOA 610 may have different distances from the fiber core 144A to their 
respective surfaces to have different evanescent coupling strengths. In some 
applications, the surface for the coupling port 144 for optical attenuation is closer to 
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the fiber core 1 40A than the surface for the coupling port 1 44A for optical tapping 
because the evanescent taping should affect the energy flow in the fiber as little as 
possible. This feature is schematically illustrated in both FIGS. 6 and 7. 

[0040] FIG. 8 shows multiple fiber tap monitors may be simultaneously fabricated and 
formed by using a single substrate 110. Desired grooves are first fabricated on the 
substrate 110 and then the fibers are engaged to the grooves. The fiber coupling 
ports are fabricated on the fibers. Next, the tap monitors are formed, e.g., in form of 
an array. Finally, the substrate may be diced into separate modules each may have one 
or more tap monitors. Certainly, as illustrated, the VOAs may also be formed along 
with the tap monitors. 

[0041] As described above, each groove may be fabricated to have one or more though 
holes penetrating the substrate. A fiber may be engaged to the substrate by passing a 
P portion through the hole so that the fiber is present on both sides of the substrate. In 

O fact, fiber coupling ports of the same fiber may be formed on both sides of the 

01 

1^ substrates. Hence, two tap monitors may be formed on opposite sides of the 

substrate. The above tap monitor designs for fibers may also be applied for planar 

O 

waveguides formed on substrates. 



o 

u 



S [0042] Referring back to FIG. 6, the VOA 61 0 may be designed to control and adjust the 
optical power in the fiber 1 40 by variable evanescent coupling. The following 
describes a thermally-controlled variable optical attenuator formed on a side optical 
coupling port of a fiber engaged to a substrate or a planar waveguide formed over a 
substrate. In this embodiment, a thermo-optic dielectric overlay layer is formed over 
the optical coupling port to extract optical energy out of a guided mode. Two heating 
elements, one formed on top of the overlay layer and another formed underneath the 
substrate, are used to control and modulate the temperature of the overlay layer. This 
temperature control or modulation changes the refractive index of the overlay layer 
and hence changes the amount of energy coupling by the thermo-optic overlay layer. 
As a result, the optical energy remaining in the guided mode is changed. 

[0043] extraction of optical energy out of the evanescent field of a guided mode of a 

fiber or planar waveguide is achieved by a side optical coupling port. In a fiber, this 
side coupling port can be formed by removing a portion of the fiber cladding to form 
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a cladding surface where the evanescent field is preset with a sufficient field strength. 
In a planar waveguide, this side coupling port may be a surface either on a cladding 
layer that is sufficiently close to the waveguide core or directly formed on the 
waveguide core. A thermo-optic dielectric overlay layer is formed over the surface of 
the coupling port to extract the guided energy. In general, the overlay layer is 
substantially transparent and has a refractive index higher than that of the fiber 
cladding or the waveguide cladding to assist extraction of the evanescent light out of 
the guided mode. A temperature control mechanism is implemented to control the 
temperature of the overlay layer and ultimately the energy in the guided mode. 

[0044] FIGS. 9A and 9B show.one embodiment of such a VOA in a fiber 1 40 that is 
engaged to an elongated groove 1 20 of a substrate 1 1 0. The groove 1 20 on one 
substrate surface 1 1 2 has a varying depth and at least one portion that partially 
y exposes the fiber cladding 1 40B of the fiber 1 40 above the substrate surface 1 1 2. 

Hence, the exposed or protruded portion of the fiber cladding MOB can be removed 
to form a surface 144 that is substantially coplanar with the substrate surface 1 1 2. 
This may be done by, e.g., chemical mechanical polishing or other suitable process, 
p The cladding surface 1 44 is then used as the side coupling port to access the 

evanescent field of the guided mode of the fiber 1 40. The thermo-optic overlay layer 
D is represented by the numeral 91 0 and may be formed locally over the surface 1 44. A 

fij controllable heating element 920 is coupled to the overlay layer 910 to change its 

pSSi. 

y temperature. On the opposite substrate surface 1 1 4 of the substrate 1 1 0, a second 

fy heating element 930 is formed across the side coupling surface 144. The collective 

operation of the both heating elements 920 and 930 controls the temperature of the 

overlay layer 910 and hence the operation of the VOA. 

[0045] In one embodiment, the heating element 930 on the opposite substrate surface 

114 may be controlled to supply constant heat to the device to provide a substantially 
constant temperature bias in the overlay layer 910. The heating element 920, on the 
other hand, is configured to supply varying heat to the overlay layer 910 to cause the 
temperature of the overlay layer 910 to change in response to a control signal. As a 
result, the guided optical energy in the fiber 140 changes its power as the control 
signal changes. 



D 

fl 1 
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[0046] Both heating elements 920 and 930 may be electrical heating elements that are 
driven by electrical currents. In this implementation, the heating element 920 may be 
a conductor piece (a wire, a strip of a thin film, etc.) in contact with or buried within 
the overlay layer 91 0. A power supply is coupled to the conductor piece to provide the 
driving electric current. Similarly, the heating element 930 may also be a conductor 
piece coupled to its own electrical power supply. For example, the heating element 
930 may include a piece of a metallic film over the substrate surface 1 14. 

[0047] The fiber 1 40 generally may be any fiber, including single-mode fibers and multi- 
mode fibers. In particular, the fiber 140 may be a polarization maintaining (PM) fiber 
to preserve the polarization state of light that remains in the fiber 140. 

[0048] FIG. 1 0 further shows an array of fiber VOAs 1 01 0, 1 020, and 1 030 formed over 

one side 1 1 2 of the substrate 1 1 0 by sharing the same heating element 930 on the 

H= opposite side 1 14. Each heating element 920 in the fibers may be independently 

O 

p adjusted to control the optical attenuation in the respective fiber 140. 

+: [0049] In the above-described tap monitors shown in FIGS. 5, 6, and 7, an optical 
p transparent overlay layer 420 is formed between the optical detector 41 0 and the 

side-polished coupling surface 144 to assist the evanescent coupling. Alternatively, a 

Q transparent optical block with an angled side surface may be used where the optical 

01 

ni detector is mounted on the angled side surface to receive the coupled signal. This 

technique is now described in detail in the following embodiments. 

fu 

[0050] PIG ] -[ shows one embodiment of a tap monitor system 1 1 00 where a multi- 
mode waveguide overlay 1 1 1 0 is formed above the side-polished fiber port 1 44 to 
evanescently extract a fraction of the guided signal in the fiber 1 40 to produce a 
monitor signal 1 1 20 for the detector 410. The waveguide overlay 1 1 1 0 is formed of a 
dielectric material with a refractive index greater than the refractive index of the fiber 
core 140A. Exemplary materials for the overlay 1110 include, among others, polymer 
materials, semiconductor materials, glass materials, plastic materials, and epoxy 
materials. The overlay 1110 may be a bulk block to allow for extracted light to 
propagate. The overlay 1 11 0 is shown to be engaged to the surface 1 44 by using a 
thin adhesive material such as an optical epoxy, an optical gel, or an optical liquid. In 
addition, the waveguide overlay 1 1 1 0 has an end facet 1 1 1 2 on which the optical 
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detector 41 0 is engaged with its sensing surface facing the waveguide overlay 1110. 
The end facet 1112 may be substantially perpendicular to the surface 144, or 
alternatively, form an acute angle with respect to the surface 144 as illustrated so that 
the coupled signal 1112 propagating in the waveguide overlay 1 11 0 Is approximately 
or substantially perpendicular to the end facet 1112 and thus the sensing surface of 
the detector 41 0 for efficient detection. In essence, the overlay 1110 with an angled 
end facet 1112 effectuates an optical prism. The orientation of the end facet 1 1 1 2 is 
determined by the geometry of the waveguide overlay 1110 and its index for a given 
polished fiber 1 40 in the substrate 1 1 0. 

[0051] FIG. 1 2 shows another tap monitor system 1200 in a planar waveguide 1210 

based on the design in FIG. 1 1 . The planar waveguide 1 21 0 is formed in the substrate 
110 and may be implemented as, among others, a glass waveguide, a silicon 
waveguide, a doped glass waveguide with optical amplification functions. The 
waveguide overlay 1 1 1 0 is engaged to the top surface of the waveguide 1 21 0 by a 
thin adhesive material 1 220 such as an optical epoxy, an optical gel, or an optical 
liquid. The index of the waveguide overlay 1 11 0 is greater than that of the waveguide 
1210 to allow for extracting light out of the guided mode via evanescent coupling. 

[0052] FIG. 1 3 further shows a waveguide array system based on the design in FIG. 1 2. 
Multiple parallel planar waveguides 1 2 1 0 are formed in the substrate 1 1 0. A single 
piece of the waveguide overlay 1 3 1 0 is engaged on top of the substrate 1 1 0 to cover 
all waveguides 1 21 0 so that different monitor signals can be evanescently extracted 
from different waveguides into the overlay 1310. Multiple detectors 410 are 
positioned and engaged to the angled end facet to respectively receive the different 
monitor signals. Alternatively, the single waveguide overlay may be replaced by an 
array of overlays respectively coupled to the underlying waveguides 1 21 0 in the 
substrate 110. Such arrayed design may apply to an array of side-polished fibers 
engaged on the substrate 1 1 0. 

[0053] 

Notably, the intensity of the extracted optical signal 1 1 20 in the overlay 1110 that 
transmits through the angled facet 1112 and thus is received by the optical detector 
410 has a dependence on the polarization of the signal 1 1 20. The two orthogonal 
polarizations, the p component and s component, generally experience different 
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reflectivities at the facet 1112. This effect of the polarization-dependent reflection is 
undesirable for the tap monitor because it introduces an error in monitoring the signal 
intensity of the guided light in the fiber or waveguide. The orientation of the angled 
facet 1 1 2 may be designed to substantially equalize the optical reflectivites at the 
angled facet 1 11 2 so that the received optical signal at the optical detector 410 is 
insensitive to the optical polarization. 

[0054] FIG. 14A illustrates two orthogonal polarizations, TE and TM modes, of the 

extracted optical signal 1 1 20 in the overlay 1110. When the polarization of the output 
beam 1 120 is perpendicular to the angled surface 1112 and thus the receiving surface 
of the detector 41 0, the reflectivities for both polarization lights are identical. Because 
the coupling coefficient for the TM polarization is higher than that for the TE 
polarization, the output intensity of the TM mode is higher than that for the TE mode. 
Hence, a polarization-dependent error occurs when the beam 1 11 2 is not exactly 
perpendicular to the angled facet 1112. Therefore, it is necessary the angle 4> be 
properly set to make the angled facet 1 11 2 to be substantially perpendicular to the 
extracted output beam 1 1 20. the direction of the beam 1 1 20 can be determined from 
the properties of the overlay 1110, such as the index of the overlay 1110. for the fiber 
140 with given properties. When the value of angle 4> is correctly set. the orientation 
of the detector 41 0 around a rotation axis OX shown in FIG. 1 4B may be designed to 
increase the reflection of TM mode and to decrease the reflection of TE mode so as to 
reduce the effect of the polarization-dependent reflection. This is achieved at the 
expense of the received tap power by the detector 41 0. TABLE 1 lists proper values for 
the angle of the facet 1 1 1 2 for different glass materials for the overlay 1110. 

[0055] TABLE 1 

[0056] 

[t2] 



Index of glass,@1 550nm 


1.501 


1.49 


1.48 


1.47 


1.46 


<l> , degree 


74.64 ° 


76.26 " 


77.95 " 


79.94 ° 


82.46 " 



[0057] In FIG. 14B, the detector 410 is shown to be immersed in a polymer layer 1410 
with a refractive index substantially equal to the index of the overlay 1110. The 
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detector 41 0 has a SiN coating 1 420. Assuming the index of the polymer layer 1 41 0 is 
1.5, FIG. 14C shows the needed compensation to equalize the TE and TM reflections 
as a function of the rotation angle of the detector 410 where the rotation angle is the 
value of the angle of the detector 41 0 from the normal orientation of the detector 
410. 

[0058] The above polarization-dependent reflection may be caused by errors in both the 
cut angle c|) the facet 1112 and the orientation of the detector 41 0. FIG. 1 4D shows 
the polarization-dependent reflection as a function of the angle error. Hence, during 
the fabrication process, for a given angled facet 1112, the orientation of the detector 
41 0 may be adjusted to compensate for the angle error in the cut angle <^ of the fact 
1 1 1 2 to substantially reduce or eliminate the polarization-dependent reflection. This 
may be done by monitoring the signal strengths of the TM and TE modes when 
^ attaching the detector 41 0 to the facet 1112. 

Q [0059] Only a few embodiments are disclosed. However, it is understood that variations 
£ and enhancements may be made without departing from the spirit of and are intended 

^ to be encompassed by the following claims. 
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